Abstract The release of polycyclic aromatic hydrocarbons (PAHs) into the environment has increased very substantially over the last decades leading to high concentrations in sediments of contaminated areas. To evaluate the consequences of long-term chronic exposure to PAHs, zebrafish were exposed, from their first meal at 5 days post fertilisation until they became reproducing adults, to diets spiked with three PAH fractions at three environmentally relevant concentrations with the medium concentration being in the range of 4.6-6.7 μg g −1 for total quantified PAHs including the 16 US-EPA indicator PAHs and alkylated derivatives. The fractions used were representative of PAHs of pyrolytic (PY) origin or of two different oils of differing compositions, a heavy fuel (HO) and a light crude oil (LO). Fish growth was inhibited by all PAH fractions and the effects were sex specific: as determined with 9-month-old adults, exposure to the highest PY inhibited growth of females; exposure to the highest HO and LO inhibited growth of males; also, the highest HO dramatically reduced survival. Morphological analysis indicated a disruption of jaw growth in larvae and malformations in adults.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a diverse family of compounds containing at least two aromatic rings. There are two major types of PAHs, petrogenic and pyrogenic, which enter the environment through different routes. Petrogenic PAHs are abundant in oils and enter the aquatic environment due to harbour activity or as a consequence of oil spills. Pyrolytic PAHs result from the incomplete combustion of organic matter, including fossil fuel; they enter aquatic environments through the deposition of atmospheric emissions directly on water or on ground followed by soil runoff.
The release of PAHs into the environment is directly linked to human activity and has increased over the last decades. For example, the amount of PAH emitted into the atmosphere has increased from under 50,000 tons in 1987 (Eisler 1987) , to over 500,000 tons in 2004 (Zhang & Tao 2009 ). PAHs are hydrophobic molecules and are found associated with suspended particulate matter in water, such that they tend to accumulate in sediments; consequently, sediments constitute major sinks and can also act as secondary sources for aquatic systems contamination (Hylland 2006) . Monitoring networks have documented PAH concentrations of up to 50 μg g −1 dry weight (dw) in sediment from various affected aquatic ecosystems although the concentrations in highly contaminated areas are more commonly in the range of 10 μg g −1 (Baumard et al. 1998 , Benlahcen et al. 1997 , Johnson et al. 2007 , Varanasi et al. 1993 , Yanagida et al. 2012 . In all cases, PAHs are present as very complex mixtures and can be associated with metallic and/ or other organic compounds. PAH mixtures of pyrolytic and petrogenic origin differ in their composition. Pyrolytic mixtures generally include more heavy PAHs, such as benzo[a]-pyrene (BaP), whereas petrogenic mixtures contain more light PAHs and more alkylated PAHs, mainly C1-C3 derivatives. Also, oils from different geographic origins display different compositions, and composition is also affected by the degree of refining. The concentration of PAH in the biota varies depending on the surrounding concentration and trophic level: in particular, the biota lower down the food chain may be exposed to high levels of PAHs in sediment or suspended particles. For example, the total concentration of 16 PAHs used as indicators by the US Environmental Protection Agency (US-EPA) in the copepod Eurytemora affinis in the Seine Estuary is in the 0.2-3.9-μg-g −1 range (Cailleaud et al. 2007 ) and, in mussels, can be as high as 1.6 μg g −1 (Le Goff et al. 2006 ).
In the case of acute accidental exposure, the concentration in mussels can be even higher, for example 3.0 μg g −1 after the Erika oil spill (Jeanneret et al. 2002 ) and 14.4 μg g −1 after the Exxon Valdez oil spill (Payne et al. 2008) . PAHs bioaccumulate in parts of the lower levels of the food chain as many of the organisms involved have poor metabolisation activities; consequently, food is an important route of exposure. This has been demonstrated by the high concentrations of PAHs found in the stomachs of fish caught in contaminated areas (Johnson et al. 2007 , Varanasi et al. 1993 , Yanagida et al. 2012 . PAH toxicity has long been documented (see Hylland 2006 for a review). Mechanistic analyses based on individual compounds have been very useful to identify the underlying molecular pathways, in particular the involvement of the aryl hydrocarbon receptor (AhR) . They have also demonstrated that not all PAHs elicit the same responses. For example, different PAHs bind AhR with affinities ranging over several orders of magnitude (Barron et al. 2004 , Ohura et al. 2007 . Combinations of individual PAHs may lead to synergistic or no effects depending on the PAHs used (Billiard et al. 2008 , Timme-Laragy et al. 2007 , suggesting that PAHs may exert effects through several pathways and not only, or even necessarily, through AhR activation. The toxicity of smaller PAHs (characterised by a lower octanol water partition coefficient, log Kow<5.2) is believed to be mediated by a narcotic mechanism induced by cell membrane disruption and accumulation of these small PAHs in the lipid bilayer (Sverdrup et al. 2002) .
Findings for wild-caught animals after oil spills and from experiments using oils, PAH mixtures or individual compounds indicate that the growth of both freshwater and marine fish is inhibited by these agents. Growth inhibition has been reported both after aqueous (Moles & Rice 1983 , Schuler et al. 2007b ) and diet exposure of juveniles (Kim et al. 2008 , Meador et al. 2006 , Wang et al. 1993 , Wu et al. 2003 . Embryonic exposure can have consequences on subsequent growth (Carls et al. 1999 , Heintz et al. 1999 . However, most experimental models of acute exposure have involved high dose and short duration. Both data from the field and experimental analyses reveal disruptions of jaw ontogenesis during embryonic development related to the blue sac disease (Carls et al. 1999 , Debruyn et al. 2007 , Heintz et al. 1999 , Incardona et al. 2004 , Li et al. 2011 , Marty et al. 1997 , Shi et al. 2012 . The experimental exposure of fish embryos to individual PAHs or oil mixtures has led to the identification of some of the underlying mechanisms (Incardona et al. 2005 (Incardona et al. , 2006 . It has also been observed that short-term exposure of seabass juveniles to light cycle oil disrupts vertebral bone quality (Danion et al. 2011a) .
The ontogeny of the digestive functions in developing fish larvae is a key determinant of the physiological status of the future juvenile (Pittman et al. 2013 , Zambonino-Infante et al. 2008 . Paradoxically, how this ontogenic process could be affected by PAHs has not been studied. It is not known to what extent the adverse physiological effects of PAHs observed in juveniles are due to impairment of the digestive functions, although the developmental course of the digestive capacities parallels the course of the body growth rates (Buddington & Diamond 1992) .
We exploited the short life cycle of zebrafish to perform long-term exposure to PAHs. Fish were exposed from the first meal (5 dpf) and for the nine following months, i.e. from larvae to reproducing adults. Three complex mixtures of PAHs representative of environmental situations were used to spike the food: a pyrolitic (PY) fraction from sediment sampled in the Seine Estuary and two petrogenic fractions, one from a heavy oil "Erika" (HO) and one from a light crude oil "Arabian light" (LO). We analysed consequences of this exposure on survival, growth, jaw and bone morphology and digestive enzyme capacities.
Materials and methods
This study was conducted with the approval of the Animal Care Committee of France under the official licence of M.-L. Bégout (17-010).
PAH fraction preparation
Sediment was collected in Oissel (GPS: 49°20' 52.8″ N and 1°7' 11.54″ E; upstream from Rouen, in the Seine Estuary, France) at low tide from the intertidal area. Contaminants were extracted with Accelerated Solvent Extraction (ASE300, Dionex) using 34 mL cells with 13-14 g of sediment per cells according to the following method: heat, 5 min; static, 5 min; flush (%), 60 vol; purge, 60 s; number of cycles, 2; pressure, 100 bar; temperature, 100°C; and solvent, 100 % dichloromethane. The two oils were dissolved in pentane to induce asphaltene precipitation (Mazeas & Budzinski 2001 , Mazeas & Budzinski 2002 . The sediment extract and the two pentane extracts were then reconcentrated using a Vacuum Evaporation System (Rapidvap, Labconco, Kansas City, USA). All three extracts were then purified using alumina columns (preparative liquid chromatography) and eluted with dichloromethane (Acros Organics, Thermo Fisher Scientific, Geel, Belgium). After another reconcentration step, aliphatic fractions obtained after elution on silica columns with pentane were discarded and aromatic fractions were obtained using pentane/dichloromethane (65/35, v/v) as solvents (Mazeas & Budzinski 2001 , Mazeas & Budzinski 2002 . Atlantic Labo (Bruges, France) provided the pentane solvent. Finally, samples were reconcentrated and the final fractions kept in dichloromethane (stored at −20°C) for spiking experiments. All the steps were gravimetrically controlled in order to prevent PAH losses and also to be able to express results in terms of quantity of the initial material (i.e. sediment or petroleum). Fraction composition is detailed in Supplementary Table 1.
Food preparation
Zebrafish were exposed from their first meal (5 dpf) onwards and exposure continued up to age 9 months. Spiked sizegraded food pellets were used. The food pellets obtained from the supplier were 0.5 mm in diameter (INICIO Plus 0.5, Biomar, France); these pellets were ground and used to prepare food pellets of four sizes: ≤125, 125-315, 315-500 and ≥500 μm. For pellets of all sizes and for all fractions used, the spiking procedure was similar other than vessel and solution volumes being adapted to the quantity of the food to be spiked. The method described by Vicquelin et al. (2011) was used for spiking. The three types of aromatic fractions were dissolved in dichloromethane. Briefly, the adequate amount of dry food was placed in a round-bottom glass flask and immerged in dichloromethane. Then, aromatic fractions obtained from the natural sediment from Seine Estuary and the two petroleum were added with quantities in relation with the amount needed to reach the target final concentration. Solvent evaporation was performed using a rotavapor (RV10 Basic, VWR International) equipped with a heating water bath (HB10 Basic, VWR International) set at 45°C until the food was visually completely dry. Potentially remaining traces of organic solvent were eliminated leaving the food overnight at room temperature and in darkness under an extractor hood. Finally, spiked food of each treatment was divided into several aliquots. The experimental chemical contamination of the food with regards to PAH contamination was characterised. Three concentrations 0.3X, 1X and 3X were used with the 1X concentration corresponding to the Σ[16 EPA PAH] at 5 μg g −1 food, representative of the concentrations found in mollusks in the Seine Estuary. Control diets were prepared at the same time as spiked diets with exactly the same procedure with the exception of fraction addition. Diets, including control diets, were analysed before being used (see Table 1 and Supplementary material Table 2 for details of the composition). Diets are named according to the origin of the fraction and its concentration: the 1X pyrolytic fraction diet is thus PY-1X.
Fish rearing and exposure
We used TU strain (ZFIN ID: 76 ZDB-GENO-990623-3) which has been established in our platform (PEP-http:// wwz.ifremer.fr/pep) for 6 years as large batches of individuals originating from the Amagen platform (Gif/ Yvette, France) and the Pasteur Institute fish facility (Paris, France). Adults were maintained at 27°C under a controlled 14-h light/10-h dark (14:10) photoperiod. Water was a mix of reverse osmosis-treated water and tap water, both being filtered beforehand through dust and charcoal filters, to obtain a pH of 7.5±0.5 and a conductivity of 300±50 μS cm −1
. Ammonia, nitrites and nitrates were monitored weekly and remained within recommended ranges (Lawrence 2007) . Eggs were obtained by random pairwise mating of zebrafish placed together in spawning boxes the evening before collection (AquaSchwarz, Germany). Eggs were collected in the morning of day 0 (D0) and the fertilisation rate assessed within 2 h of collection: only spawns with rate above 80 % were kept. At the same time, spawns were sorted to remove faeces and dead and unfertilised embryos. To provide as homogeneous and similar incubation conditions as possible, a minimum of five spawns were mixed and 50 embryos randomly sampled and transferred to as many Petri dishes as required for all conditions on D1 (24 hpf). Petri dishes were filled with E3 solution (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM MgSO 4 ). This study was part of a larger project which required a large number of exposure batches. For this reason, it was not possible to perform simultaneously exposures to all three fractions. As a consequence, exposures to different fractions were performed successively. This is the case for batches which were used for the present work: exposure to PY started 2011 November 9, exposure to HO started 2012 July 19 and to LO on 2012 August 30. All exposures were performed in triplicate. Embryos and larvae were maintained at 28°C in Petri dishes in an incubator with the same photoperiod as for adults. After hatching, chorions were removed manually. On D5, larvae (N=50) were transferred into 1 L tanks (spawning box without inserts; AquaSchwarz, Germany) containing 100 mL of E3 solution. Dead or abnormally developed larvae were removed and replaced with larvae from reserve Petri dishes. Between D6 and D11, larvae were maintained in the 1-L tanks and 150 mL of water was added every day. In the case of the last exposures, with LO diets, we improved manual cleaning in a 1-L tank and in the meantime reduced water renewal to improve water quality and to minimise larval disturbance (days 6-11). In parallel, the quantity of distributed food was slightly increased from D6 to D27. On D12, larvae were placed in a Plexiglas© cylinder of 15 cm in diameter and 17 cm in height with the bottom end closed with a 500-μm pore mesh cloth and transferred into 10 L rearing tanks (Ehret, Polycarbonate PC 3108, type III cage, 265×150×240) placed in the flowthrough exposure rack with a water-dripping system and air bubbling into the cylinder. Cylinders were removed on D27 and the juveniles were then freed into the 10-L tanks. In the flow-through system, water was automatically added every hour leading to an exchange rate of 180-200 mL/h/tank corresponding to daily renewal of approximately 40 % of the water. Outflow water was collected and treated with activated charcoal before being discharged into the sewer (Disposorb, Chemviron, France). Tanks were manually cleaned daily from D5 to D27 and thereafter as necessary; in particular, dead fish were removed and counted.
From D5 onwards, fish were fed twice a day with sizeadapted food and once a day with A0 artemia. The size of the food pellets provided was increased as the fish aged (at some ages, fish received two sizes of pellets): ≤125 μm between D5 and D20, 125-315 μm between D15 and D30, 315-500 μm between D25 and D55 and ≥500 μm from D50. One food vial was used for each tank and weighted before and after use to measure rations. The ration was ad libitum until the first biometric measures (2 or 3 months post fertilisation (mpf)); thereafter, the quantity of food provided was 2 % of the biomass in each tank, with the exception of the PY spiked food, for which the ration was 5 % at 2 mpf and then reduced to 2 % at 3 mpf. Rations were then adapted after each biometry on a monthly basis.
Metabolite quantification
On a specific batch and after 10 days of exposure, triplicates of 30 larvae per fractions and concentrations were euthanized with a lethal dose of benzocaine (250 mg L −1 ) and collected in microtubes. A maximum of liquid was removed and tubes frozen in liquid nitrogen. Larvae were ground in acetate buffer at pH 5 and metabolites were quantified in whole larvae according to published protocols ).
Fish survival and growth monitoring
Survival rates were assessed on a daily basis from D5 to D27 and then at each biometric analysis. Fish growth was monitored on a monthly basis from 2 to 3 mpf onwards. Fish were anaesthetized for 1 min with benzocaine (50 mg L −1
) and individual standard length (mm, to the nearest mm) and body mass (mg, to the nearest mg) were measured, and sex recorded when possible (on the basis of morphological clues). Larval morphology Calcified structures were stained by immersing live larvae in calcein as described in Du et al. (2001) . Briefly, larvae were transferred into neutralised calcein solution (0.2 % in water; Sigma-Aldrich) in Petri dishes for 10 min; they were then rinsed three times in water and allowed to stand for 10 min. Larvae were then euthanized in benzocaine (250 mg L −1
) and mounted on depression glass slides with methyl-cellulose (3 %) and imaged using a dissecting microscope with a green fluorescence filter. Calcified vertebrae were manually counted and jaw landmark coordinates as defined by Xiong et al. (2008) obtained using ImageJ (Schneider et al. 2012) .
Digestive enzyme studies Samples of 20 to 30 fish were collected in triplicate 2 mpf from each experimental group, killed by anaesthesia, immediately frozen in liquid nitrogen and kept at −80°C pending dissection and assays. Following exposure to HO and LO, a significant effect on larval growth was observed, so we sampled the fish after a nutritional challenge (1 week of starvation, followed by refeeding for 2 days) to evidence the digestive capacities better.
Fish were dissected on a glass slide maintained at 0°C: the intestine and a segment containing pancreas (and also, inevitably, a crude mixture of liver, heart and stomach tissue) were dissected. Protocols for the homogenisation of the pancreatic segments and intestine, protein assays and enzymatic procedures for amylase, trypsin, alkaline phosphatase (AP) and leucine-alaninepeptidase (leu-ala) were as described in Zambonino-Infante et al. (1997) . Enzyme activities are expressed as specific activities, i.e. units per milligram of protein.
Statistical analysis
Statistical analyses were performed with Statistica 9.0 software (Statsoft, Tulsa, OK, USA). A general linear model (GLM) was applied separately for each fraction and the factors considered are indicated below for each variable. For distributed food, food size and concentrations were tested as fixed factors and replicates as random factors. For larval and adult survival, diet was tested as fixed factor and replicates as random factors, with the age of fish as an additional fixed factor for adults. To evaluate growth (body mass and length), diet and age were tested as fixed factors, and replicates and fish as random factors. Sex was added as a fixed factor for body mass and length at 9 mpf. To evaluate larval morphology, diet was tested as fixed factor, and replicates and fish as random factors. Digestion enzyme activities were analysed using one-way ANOVA, with the effects of each diet considered separately. All statistical analyses were carried out at a 95 % level of significance and only fixed factors and the interaction between them are presented in the text. NewmanKeuls post hoc tests were performed in each case.
Results

Diets and fish exposure
The concentrations for the 16 US-EPA PAHs in 1X diets were as follows: PY-1X 4,505±1,527; LO-1X 2,739±231; and HO-1X 1,887±130 ng g −1 (Table 1) Table 2 ). The proportions of these compounds differed accordingly in diets reflecting the fraction composition for PY and HO diets. However, the PAH proportions were higher and MN proportions lower in the LO diet than expected from the composition of the LO fraction. The PY diet contained a high proportion of high molecular weight PAHs-82 % were four-to six-ring compounds-and very few methylated derivatives (5 %; Fig. 1 and Supplementary Table 2 ). The two oil diets contained small amounts of high molecular weight PAHs: 31 %, mainly four-ring compounds in the HO diet and only 6 % in the LO diet. The oil diets contained abundant methylated PAHs: 43 % for the HO diet and 55 % for the LO diet. The HO diet contained twice as much three-ring than two-ring methylated PAHs, whereas in PAHs sum of non-alkylated PAHs, MN methylnaphthalenes, MP+MA methylphenanthrenes and methylanthracenes LO diet, these two categories were present in similar amounts.
The same results were found for all diet concentrations and pellet sizes (not shown). Quantification of hydroxylated metabolites (OH-PAHs) was performed on 15 dpf larvae to confirm fish exposure (Table 3) . A global dose-dependent increase of metabolites was observed with some specificities. The sum of OH-PAHs of HO-3X and LO-3X was similar to those for the 1X concentration. For PY, metabolites increase with PAH concentration in diet. A more detailed analysis revealed that these differences are driven by different metabolites depending on the mixture (Table 3 ). The concentration of 2-OH-biphenyl is significantly higher in LO-1X compared to control. For PY and HO mixture, the concentration of 1-OH-pyrene and the sum of OH-BaP metabolites were higher in 3X larvae than in the control.
To verify that differences in growth and survival were not due to uneven food distribution, we compared cumulated food distributed, for each granulometry and each diet, during the first 3 months of exposure. Whatever the mixture used, there was no difference in the ration distributed to the various experimental groups (PY: F=0.09, p=0.96; HO: F=0.27, p=0.85; LO: F=0.05, p=0.98). Thereafter, the food ration was adapted according to biometry as indicated.
Survival
Survival was monitored daily from 5 to 27 dpf. For all diets, the pattern was similar with high survival rates during the first 5 days of exposure (5-10 dpf) followed by a high rate of mortality ending at 15 dpf. After this peak, mortality remained low until 30 dpf. No early difference was observed between controls and fish exposed to any of the tested diet; this suggested that the mortality during this period was not a consequence of the exposure. A technical improvement of breeding and feeding methods is responsible for the higher survival rate of the fish in the LO (~80 %) than PY and HO (~50 %) experiments (see "Materials and methods" section).
Survival was monitored until age 9 months (Table 4) . There was a low rate of mortality throughout the time course for all diets and PAH concentrations, with the exception of the HO Fig. 1 Comparison of the proportions of PAH compounds in PY, HO and LO diets based on ring numbers and substitutions. Non-substituted compounds are grouped by the number of rings (2R to 6R). Substituted compounds are grouped as two-rings methylnaphthalenes (MN) and three-rings methylphenanthrenes and methylanthracenes (MP+MA). The number indicated after the semicolon indicates the proportion of each class in the diet diet. Indeed, the survival of fish fed with the HO-3X diet was compromised from 3 mpf: survival rate of 38 versus 48 % for control fish at 3 mpf and 17 % at 6 mpf versus 47 % for control fish. Because of this high mortality, and to avoid losing all HO-3X fish before analysis at late time points, these fish and 25 fish exposed to the two other HO concentrations and the control were sampled at 6 months of age.
Growth
In all cases, growth on PAH diets was slower than control growth, and the effect was dose dependent, affecting both body mass and length (Tables 5 and 6 ). By 4 mpf, control fish weighed significantly more (355±122 mg) than fish fed PY-1X (309±135 mg, p=0.042) and PY-3X (268±137 mg, p<0.001). The difference was even larger at older ages (Table 5) . For HO diets, the body mass of fish fed HO-1X and HO-3X was significantly lower than controls at all ages considered. The body masses of fish exposed to each of the three LO concentrations were significantly lower than control fish starting at 3 mpf. By 9 mpf, it was possible to identify the sex of fish unambiguously for all diets and concentrations. For PY fish, a significant effect of diet (F=132.69, p<0.001) and sex (F=15.30, p<0.001) was observed but without interactions between both factors. Males on PY diets were not different from control males for any of the three concentrations.
However, PY-1X and PY-3X females had a lower body mass than control females. For HO fish, there were only significant diet effects (F=7.21, p<0.001) and interaction between diet and sex (F=4.15, p<0.05). Within each gender, body mass of males on HO diets were reduced compared to control values in a dose-dependent manner but no differences were observed for females. Finally, for LO fish, both diet and sex effects were significant (F=12.36, p<0.001 and F=15.01, p<0.001, respectively) as well as interaction (F=7.89, p<0.001). As for HO, within each gender, male body mass was reduced from control values in a dose-dependent manner and LO-0.3X females had lower body mass than control. The findings for standard length were generally similar to those for body mass, although there were some differences (Table 6 ). PY fish were shorter than controls: at 2 mpf body length of PY-3X fish was 1.7±0.4 cm, whereas that of controls was 2.0±0.3 cm (p<0.001) and at 4 mpf body length of PY-1X fish was 2.5±0.4 cm and that of controls was 2.6±0.2 cm (p= 0.009). PY-1X and PY-3X fish were shorter than control fish at later time points. HO-3X fish were shorter than other fish from 3 mpf onwards and HO-1X were significantly shorter than controls only at 9 mpf. The pattern of length differences between LO fish and control was similar to that for body mass differences. At 9 mpf, no gender difference in length was observed for PY and HO diets. For LO fish, both diet and sex effects were significant (F=17.62, p<0.001 and F=4.34, Different letters indicate significant differences between concentrations and within ages a In HO diets, 25 fish were sampled at 6 mpf in all concentrations Table 5 Body mass of juveniles and adults exposed to PAH diets (mg; mean ± SEM; n see Table 3 )
3 mpf 202±9 202±10 190±10 161±10 130±9a 133±11a 91±8b 27±4c 109±7a 71±5b 77±5b 37±3c 6 mpf 707±22a 707±21a 615±19b 479±16c 265±7a 285±13a 214±13b 67±10c 246±6a 172±6b 208±11c 140±11b 9 mpf ♂ 518±28ab 583±16a 518±19ab 471±16b 339±12a 322±9a 253±13b 320±9a 245±8b 273±22b 199±20c 9 mpf ♀ 879±22a 851±27a 758±27b 683±27b 361±24 318±33 327±25 345±15 ac 249±13b 385±19c 327±23a
Different letters indicate significant differences between concentrations and within ages p<0.05, respectively) as well as interaction (F=7.71, p<0.001).
Within each gender, female body length was shorter for 0.3X and 3X compared to control and 1X, and for male, body mass was reduced from control values in a dose-dependent manner.
Jaw morphology and calcification pattern Jaw morphology was assessed in larvae using specific landmarks allowing the measurement of anterior and posterior lengths and angles (Fig. 2a, b) . The anterior length of PY-3X jaws was greater than that in controls. The jaws in HO-3X and LO-3X fish were shorter than controls (both anterior and posterior length; Fig. 2a-d) . The geometry of PY-3X jaws also differed from controls with a more acute angle of the anterior part ( Supplementary Fig. 1 ). The calcification of vertebrae appeared more homogeneous, although the number of calcified vertebrae was slightly smaller, in HO-3X and LO-3X larvae than control larvae ( Fig. 2e-g ). The morphology of PY-3X larvae was not different from that of control. We also determined the standard length of larvae: LO-3X larvae were 17 % shorter than control larvae (Fig. 2h) ; the lengths of PY and HO larvae, whatever the diet concentration, did not differ from those of the control larvae. Head and jaw morphology was also analysed in 3X adults (at 4 mpf; Supplementary Fig. 2 ). Morphology of control and PY-3X fish was normal, while in the case of HO-3X and LO-3X diets, more than 85 % of fish presented head and jaw morphology disruptions and more than 75 % of fish presented exophthalmia.
Digestive enzymes
Specific activities of leucine-alanine peptidase (leu-ala) and amylase in PY fish were assayed at 2 mpf (Fig. 3) and in PY-3X fish were 40 and 45 % lower, respectively, than in controls. The specific activities for trypsin, leu-ala and alkaline phosphatase for HO and LO fish were determined after nutritional challenge (Table 7 ). The recovery of enzyme activities after a starvation period seemed to be adversely affected by prior exposure to HO, and this effect tended to be greater at higher doses; the differences for trypsin were smaller than those for leu-ala or alkaline phosphatase. Exposure to the LO diet only affected the recovery of alkaline phosphatase and only at the highest dose (LO-3X).
Discussion
PAH-contaminated diets and exposure to PAH-contaminated diets
The three diets used in this study had similar total amounts of PAHs (at each of the three concentrations used) but were Table 6 Standard length of juveniles and adults exposed to PAH diets (mm; mean ± SEM; n see Table 3 prepared from different fractions and thus had different compositions consistent with the fraction used. The PAH composition of PY was representative of pollution observed in industrial and anthropized areas (mainly of pyrolytic origin), and those of HO and LO were clearly petrogenic (Latimer & Zheng 2003) . The analysis of PAH metabolites was in agreement with diet PAH contents with more heavy PAH metabolites (1-OH-pyrene and OH-BaP) in PY larvae than in HO, and a concentration for these metabolites in LO larvae was not different when compared to control larvae. LO mixture contained a high proportion of low molecular weight PAHs, and therefore, only 2-OH-biphenyl was significantly higher in exposed compared to control larvae. The low amount of low molecular weight metabolites compared to the high amount of parent PAHs has already been observed after experimental exposure of cod juveniles to naphthalene through diet (Grung et al. 2009 ). Other compounds may have been copurified in the fractions used, including nitrogen, oxygen and sulfur derivatives of PAHs. With reference to the 16 US-EPA indicator PAHs, the 1X concentration of the preparations we used (PY-1X 4,505±1,527; LO-1X 2,739±231; and HO-1X 1,887 ± 130 μg g −1 dw) was in the range of the target Fig. 2 Jaw and vertebral column anomalies assessed in 15 dpf larvae after exposure to PY, HO and LO diets. Jaw morphology was evaluated, after calcein staining, by measuring distances between several landmarks. Representative pictures are presented for solvent control (a) and HO-3X (b). Length of anterior (c) and posterior (d) part of the jaw is presented for solvent control and 3X for all three diets. Representative pictures used to count the number of stained vertebrae are presented for solvent control (e) and HO-3X (f). Number of vertebrae counted on larvae for solvent control and 3X for all three diets (g). Length of larvae (h) (mean ± SEM; in c, d and g, *p<0.05 indicates conditions significantly different from their respective solvent control; in h, different letters indicate significantly different conditions; p<0.05; n is indicated in each bar) Fig. 3 Specific activities of amylase and leucine-alanine peptidase (leu-ala) in 2 mpf fish exposed to PY mixture (mean ± SD; different letters indicate significant differences with solvent control; p<0.05; n=3) concentration (1X) of 5 μg g −1 dw which is found in copepods and bivalves in contaminated areas (Cailleaud et al. 2007 , Jeanneret et al. 2002 , Le Goff et al. 2006 , Payne et al. 2008 ). Thus, diets used for these studies displayed various and contrasted compositions which could be considered as mimicking some environmental situations.
Survival
In our experimental system, exposure to PAH mixtures had no significant effect on larval survival whatever the mixture used; this indicates that preparations used did not trigger acute lethal toxicity. This contrasts with observations that waterborne embryonic exposure of pink salmon (Oncorhynchus gorbuscha) to PAH or PAH mixtures leads to mortality (Heintz et al. 1999) and that waterborne early exposure of eggs or embryos of Pacific herring (Clupea pallasi) can lead to delayed mortality at larval stages (Carls et al. 1999) . Moreover, the same three aromatic fractions as the ones used in the present paper though diets were also tested by direct exposure of medaka embryos (Oryzias latipes) using a sediment contact assay at three different environmental concentrations (Le Bihanic et al. 2014a) . Acute effects were observed on larvae after exposure to both petrogenic fractions. Several hypotheses can be proposed to explain these differences. This may be related to species-specific sensitivity as this has been demonstrated for dioxin (Elonen et al. 1998) even if a more recent work has demonstrated similar responses for zebrafish and four other commonly used fish species (fathead minnow (Pimephales promelas), medaka (Oryzias latipes), rainbow trout (Oncorhynchus mykiss) and bluegill sunfish (Lepomis macrochirus)) in embryo toxicity tests performed with 143 different compounds (Lammer et al. 2009 ). In the abovementioned studies, exposures were performed through water or sediment which present several toxicokinetics differences with diet exposure. First, especially in the case of waterborne exposure, organisms are abruptly exposed to the toxic (in the range of μg L −1 or μg g −1 in the studies mentioned above). In the case of diet exposure, the concentration of PAHs is similar but the amount of distributed feed is low, especially at larval stages, leading to a low and progressive level of exposure. The second point is that a recent study has demonstrated that waterborne exposure to polychlorinated biphenyls (PCBs) led to a strong increase of PCBs body concentrations between hatching and first feeding, which may result in early physiological disruptions (Foekema et al. 2012) . This may be the reason why freshly hatched larvae are extremely sensitive to pollutants (Hutchinson et al. 1998 , Woltering 1984 and may partly explain the absence of acute mortality reported here, since exposure started at the larval stage but 2 to 3 days after hatching. Survival was then monitored for 9 months, to document the long-term effects of chronic exposure. We did not observe any modification of survival rates for any of the mixtures, except for HO-3X. Numerous reports describe sublethal effects of exposure to PAHs, but there have been few studies of longterm survival after early exposure. Nevertheless, 1-month exposure of milkfish (Chanos chanos) to high doses (>3 μg L −1 of anthracene or >1.4 of BaP) has been shown to be associated with mortality (Palanikumar et al. 2013) . Also, a short acute exposure of sole (Solea solea) juveniles to Fuel-oil no. 2, an oil similar to the HO-3X mixture we used, produced a long-lasting increase of the risk of mortality (Gilliers et al. 2012) . This suggests that this mixture is more toxic than the others used. However, the absence of mortality-except for HO-3X-in our experimental model is in agreement with several previous reports (Meador et al. 2006 , Wu et al. 2003 , Yuen et al. 2007 ).
Growth and digestive enzymes
Growth was assessed after 10 days of exposure (body length in larvae) and later on a monthly basis starting at 2-3 mpf (body length and mass in juveniles and adults). All PAH fractions used caused a dose-dependent slowing of growth. The use of several fractions in the present study allowed identifying differences between them. For PY diets, growth of larvae and juveniles was not affected. In adults for which it was possible to identify sex, body mass was lower for PY-1X and PY-3X females compared to control females, but no difference was observed for males. In the case of petrogenic fractions, larvae and juvenile growth was affected, and in adults, body mass was lower for HO-3X and LO-3X males but not females. The evolution in time revealed that differences were stable for PY but tended to decrease for HO and LO diets. Taken together, these results are in agreement with previous reports of fish exposure to PAH or PAH mixtures through various routes (water or food), and for various durations (1 day to several months) and concentrations (Gilliers et al. 2012 , Gundersen et al. 1996 , Kim et al. 2008 , Meador et al. 2006 , Moles & Rice 1983 , Palanikumar et al. 2013 , Schuler et al. 2007a ). In order to identify possible mechanisms, the activity of gut digestive enzymes has been monitored in juveniles after 2 months of exposure. Because an early decrease of growth was observed for HO and LO, these analyses were performed after a nutritional challenge for these diets. A decrease of digestive enzymes activity was observed for PY-1X and PY-3X. As far as we know, no previous study has examined the effects of PAHs on fish gut digestive enzyme activities. Meador et al. (2006) reported, in Chinook salmon (Oncorhynchus tshawytscha), a dose-dependent decrease in lipase and amylase activity in blood after exposure to artificial PAH mixtures designed to mimic those found in the stomach of field-collected fish: both enzymes were assayed in the blood although they are produced by the liver. Their expression was nevertheless impaired in fish exposed to PAHs, and this effect may also apply to digestive enzymes.
As for PY exposition, the digestive enzyme activities after the nutritional challenge paralleled the growth impairment observed in HO-1X, HO-3X and LO-3X fish. During starvation, the digestive enzyme activities decline and, after refeeding, recovered rapidly; the extent of the recovery is tightly linked to the digestive status of the animal (Zambonino-Infante et al. 1992 . The digestive capacities of fish exposed to the HO and LO mixtures were affected in a dose-dependent manner: the higher the dose, the lower the digestive enzymatic rehabilitation. This may have a dramatic consequence in the wild where feeding is not continuous over time and starvation periods occur.
The impairment of digestive enzyme capacity may, to a large extent, explain the inhibition of fish growth. It is to note that the impairment of the digestive capacities by the PY mixture observed at 2 mpf preceded detection of the negative effect on fish growth, which was only observed at a later stage. This contrast with the situation observed after exposure to oils with a coincidence of both phenotypes. This suggests that in the case of PY, digestive enzyme disruption may lead to a delayed and progressive degradation of growth.
Jaw morphology
We observed jaw abnormalities in juveniles and adults exposed to PAHs. PAHs have previously been shown to disrupt jaw development in embryos and calcification in juveniles (Debruyn et al. 2007 , Incardona et al. 2004 , Li et al. 2011 , Shi et al. 2012 . It is therefore plausible that early jaw disruptions may impair feeding abilities as this has been proposed for cod larvae exposed to produced water (Meier et al. 2010) . Indeed, jaw morphology was modified in all larvae whatever the mixture to which they were exposed. In the case of the PY mixture, there was elongation of the anterior part of the jaw, manifested as both increased length and decreased width, with respect to controls; exposure to the oil mixtures led to shortening of the jaw but no modification of the geometry. These results indicated that exposure to PAHs affects jaw growth. During embryogenesis, neural crest cells originating from the dorsal part of the neural plate migrate to populate the pharyngeal arches, and then cells from the first pharyngeal arch further migrate and condense to form the jaw skeleton (Kimmel et al. 1995) . This succession of events takes place during the first days of development, and jaw morphology is established by 5 dpf, which corresponds to the date when the exposure started in the present study. Our results thus indicate that jaw morphology can also be disrupted when exposure starts after jaw ontogenesis. In the case of LO, larval body size was also reduced, so we cannot rule out the possibility that jaw abnormalities are a consequence of growth inhibition rather than its cause. Nevertheless, these results indicate that growth was disrupted very early and was already detectable after 10 days. Early jaw morphological defects observed in larvae were compensated for PY but persisted in adults exposed to HO and LO fractions, strengthening the hypothesis that these morphological disruptions likely contributed to growth decrease, at least for HO and LO. Even if we did not observe an effect on survival in this otherwise optimised experimental system, the early morphological defects could have dramatic consequences on survival of larvae and later stages in the wild.
Differences between the mixtures studied and ecotoxicological consequences Each mixture had dose-dependent effects that differed depending on the mixture used. Considering the whole set of variables analysed, the HO mixture appeared to be the most toxic, followed by LO and PY. This finding is in agreement with what has been observed with the same mixtures after sediment contact exposure of medaka and trout embryos (Le Bihanic et al. 2014a, b) . Although they had roughly similar total PAH contents, the mixtures differed in the proportions of the various PAHs. It is therefore difficult to relate observed toxicity to a particular group of compounds or to predict the toxicity of a mixture on the basis of its composition. However, it is likely that alkylated compounds, and in particular MP and MA, are responsible for a large part of the toxicity of these mixtures, acting in synergy with high molecular weight PAHs. This is in agreement with other findings for experimental exposure of zebrafish, medaka, trout and seabass (Danion et al. 2011b , c, Hawkins et al. 2002 , Hodson et al. 2007 , Hogan et al. 2010 , Incardona et al. 2009 , Sundberg et al. 2005 and suggests that further investigation of alkylated derivatives would be informative. Recent analyses of other derivatives, and particularly hydroxy-or hydroxyalkylated PAH derivatives (Fallahtafti et al. 2012 , Knecht et al. 2013 , also indicate the need for additional long-term studies to provide information about their toxicity in an ecotoxicological perspective. Finally, our results indicate that PAH mixtures of different compositions, representative of situations encountered in the wild, can promote lethal and sublethal effects, both on larvae and at latter stages, which are likely to be detrimental for fish recruitment.
Conclusion
As part of the ConPhyPoP project, we exposed zebrafish, from their first meal and for at least 9 months, to mixtures of PAH fractions similar to those found in the environment. This prolonged duration of exposure allowed effects on physiological functions to be assessed during larval and juvenile stages and in adults. We studied diverse functions including growth, reproduction, behaviour, tumorigenesis, metabolism (respiratory, digestive), osmoregulation and immunity. This comprehensive study was performed to obtain an integrated and as complete as possible knowledge of the physiological consequences of a long-term exposure to various PAH fractions. Here, we report exposure procedures, including the composition of the PAH mixtures used and the consequences on survival and growth. We have also identified some potential mechanisms for the effects of these contaminants. In this first report, we observed that the different fractions had different effects and thresholds for effects on fish, suggesting differential involvement of these compounds in the toxicity of the mixtures. In this experimental model representative of environmental situations, long-term and chronic exposure to each of the three mixtures led to growth disruption and, in the case of HO, to decreased fish survival. These effects could be due to developmental jaw defects and/or digestive enzyme dysfunctions; they both have detrimental consequences on fish performance and contribution to recruitment.
